Abstract. Coriander (Coriandrum sativum L.) contains essential oil, and various extracts from the seeds possess anti-bacterial, antioxidant, anti-diabetic, anti-cancerous and antimutagenic activities. Field experiments were carried out to study the effect of phosphorus (P) fertilization (0, 12 and 24 kg•ha -2 P) on the seed yield, and volatile oil of Egyptian cultivar of coriander under water stress conditions. The oil was obtained by hydrodistillation extraction method using Clevenger apparatus. Chemical analysis of the oil was done by using gas chromatography and mass spectrometry (GC/MS). Increasing water amounts and P fertilization rates increased plant height, number of branches, number of umbels and seed yield. Essential oil yields increased significantly with increasing water regimes from 50% to 100% of ET crop. Irrigation applied at 100% of crop water need, combined with 24 kg•ha -2 P, gave the best seed and oil yields results. Coriander plants have high water use efficiency (WUE) at 50% ET crop, and 24 kg•ha -2 P whilst irrigation at 100% ET crop without any phosphorus application gave the lowest WUE. Concerning essential oil constituents, linalool was the major compound in coriander fruits.
Coriandrum sativum is an annual herb belonging to the Apiaceae family. It is native to Mediterranean regions and cultivated for the fresh green herb and the fruits as well as for production of essential oils. The dried fruits are used for different purposes, such as food ingredients, cosmetics, perfumery and drugs. As a medicinal plant, coriander has been recommended for dyspeptic complaints, loss of appetite, convulsion, insomnia, anxiety, hypolipidemic, indigestion, carminative, diuretic, tonic, stomachic, and against worms and rheumatism 1, 2 . Moreover, the essential oil and various extracts from coriander fruits possess anti-bacterial [3] [4] [5] [6] [7] , antioxidant 8, 9 , anti-diabetic 10 , anti-cancerous and anti-mutagenic activities 11 .
It can also act as a sedative or for relief of nervousness 12 .
Water stress in plants may lead to physiological disorders, such as a reduction in photosynthesis and transpiration 13 . In the case of aromatic plants, this insufficiency may cause significant changes in the yield and composition of essential oils. Water stress decreased the oil yield of rosemary 14 , anise 15 , and essential oil yield of dragonhead 16 . By contrast, water stress caused a significant increase in oil yield of citronella grass expressed on the basis of plant fresh mass 17 . The severity of water stress response can further vary with cultivar and plant density in parsley 18 .
Phosphorus is an essential nutrient for crop growth and quality. In this respect, increasing phosphorus levels increased each of growth characters and oil yield on groundnut 19 . Application of phosphorus fertilizer had a positive effect on essential oil content and yield of cumin plant 20 , whilst fresh herb and oil yields of dragonhead increased significantly with an increase in P application 16 . In as much as P application has been found to increase yields in coriander 21 , research on influence of water shortage on P uptake and ultimately seed and essential oil content is lacking.
Therefore the aim of this study was to determine the effects of phosphorus fertilization on the seed yield, volatile oil and chemical composition of coriander under water stress conditions.
Materials and Methods

Study site
Two field experiments were carried out over two successive Table 1 ). The sandy soil on the experimental site and irrigation water were analyzed
22
.
The field capacity (FC) and wilting point (WP) were determined according to the pressure membrane methods. The field capacity, permanent wilting point, available soil moisture (ASM) and bulk density (BD), as means over the two seasons were 34.5, 16.0, 18.5% and 1.36 g cm -3 , respectively.
Planting treatments and experimental design
The experiment was laid out as a randomized complete block design with a factorial arrangement. Treatments consisted of 3 water regimes (control, i.e. 100% of the evapotranspiration (ET crop)), 75% and 50% of the control (drought treatments)) and three P rates (0, 12 and 24 kg•ha -2 ). There were 9 plots in one replication which were repeated in four blocks. The sizes of the plots were 9.6 m 2 consisting of 4 rows of 0.60 m width and 4 m length. The significance differences between the main and interaction effects of treatments were determined using ANOVA. When significant differences were present, treatment means were separated using Fischer's protected LSD 0.05 .
Harvested coriander seeds were air-dried for 10 days and stored at ambient temperature (25±2 o C) without exposure to direct sunlight. Ground samples were subjected to hydrodistillation for 2.5 hours using a Clevenger-type apparatus 23 and expressed as (ml•100 g -1 air dry seed), while essential oil yield per plant was expressed as ml•plant -1 .
Gas chromatography coupled to mass spectrometry (GC/MS) analysis of essential oil was done with a Hewlett Packard model 5890 comprising of Gas chromatograph equipped with 5
series Mass selective detector 9144 (HP). The column used was SE-54 (30 m x 0.25 mm i.d.).
The oven temperature was maintained at 60°C for 2minutes, after injection, and then programmed at 5°C per minute, to 270°C. The injector temperature was 270°C and MS condition was kept at 280°C. Compounds were identified by matching their mass spectra with those recorded in the MS library and further confirmed by comparison.
Results and Discussion
Physical and chemical properties of the soil
The sandy soil used for the experiment was chemically analyzed 22 and showed low Electrical conductivity (EC) ( Table 2) , typical of soils in most droughty areas. This makes the sandy soils ideal for the experiment as it has a lower water holding capacity coupled with low nutrient contents, as compared to the amounts required for optimum growth and yield of coriander.
Analysis of irrigation water used in the experiment
Water used for coriander irrigation had a pH of 7.5 (H 2 O), with EC of 0.50 (dSm-1).
Soluble cations were 2.50, 0.20, 1.50 and 0.60 for Na, K, Ca and Mg respectively, whilst anions were 2.80 and 0.80 for Cl and sulphates respectively ( Table 3) . The low electrical conductivities in the water (0.50 dSm -1 ) makes it ideal for use in evaluating effects of nutrient fertilization on coriander growth and development under water stress conditions.
Effect of water shortage and superphosphate fertilizer treatments on the growth parameters, yield and yield components of coriander
Data presented in Table 4 indicated that irrigation regimes and/or phosphorus fertilization affected plant height, number of branches, and number of umbels and weight of seeds plant -1 or m -2 of both seasons. Increasing water amounts increased all these plant yield components. The highest mean values due to irrigation treatments were recorded with plants that received the highest amounts of water (100% of the ET crop). The pronounced effect of increased irrigation on plant height, number of branches, number of umbels and coriander seed yield may be attributed to the availability of sufficient moisture around the root concentrated and thus a greater proliferation of root biomass resulting in the higher absorption of nutrients and water leading to production of higher vegetative biomass 24 . It was found that increasing levels of water stress reduce growth and yield due to reduction in photosynthesis and plant biomass. Under increasing water stress levels photosynthesis was limited by low CO 2 availability due to reduced stomatal and mesophyll conductance. Drought stress is associated with stomatal closure and thereby with decreased CO 2 fixation. Coriander shows superiority at the uppermost rate of irrigation treatments in producing the highest plant height, number of branches, number of umbels, and seed yield [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Application of P fertilizer at 12 and 24 kg•ha -2 significantly increased plant height, number of branches, number of umbels and seed yield over that of no fertilizer. The highest mean values of plant height, number of branches, number of umbels and weight of seeds was obtained at application of 24 kg•ha -2 P. Means comparison (Table 4) showed that non application of phosphorus fertilizer (control) led to the least seed weight, plant height, number of branches and number of umbels. Application of phosphate fertilizer increased absorption of phosphoru s and its effect on the recovery rate of photosynthesis and plant growth of coriander 21, 26, 27 .The use of phosphorus fertilizer, leads to increased production of photosynthetic material, reducing the loss of flowers, and consequently an increase in yield components in coriander plants.
Improved phosphorus nutrition appears to stimulate processes which reduce plant water stress. Physiological studies under well watered conditions showed suboptimal phosphorus levels reduce root hydraulic conductivity causing low plant water potential and stomatal conductance.
Furthermore, phosphorus fertilized plants had lower stomatal conductance and net photosynthesis rate 34 .
Oil yields per plant increased significantly with increasing water regimes from 50% to 100% of the crop water need. Higher mean values of essential oil and oil yield in coriander seeds were obtained by higher water regimes (100% of ET crop).
Water quantities and phosphorus application and their interaction affected the percentage and yield of essential oils in coriander ( Table 4 ). The mean values of essential oils percentage and yield due to P treatments showed that increasing P fertilizer significant increased the percentage and yield of essential oils. The same results were found in previous studies on coriander 21, 28 and also on dragonhead 16 .
There was a significant difference in most of interaction treatments between irrigation and P levels. Increases in both moisture and P levels enhanced the plant height, number of branches, number of umbels, seeds yield and essential oil yield. The irrigation applied at 100%
of ET crop, combined with P fertilizer at 24 kg•ha -2 , gave the best results.
Chemical composition of seed oil of coriander detected using GC-MS
In the coriander at fruiting stages (fruits), 20 chemical constituents, representing more than 94% of the total chemical composition of the essential oil, were identified in the samples (Table 5) . Linalool, nerol and α-terpineol constituents were present in amount more than 10%. (Table 5 ).
The maximum percent of linalool (65.58%) was obtained from 50% of ET crop fertilized with 24 kg•ha -2 P. While, plants receiving 100% of crop water needs without P fertilizer gave the lowest linalool percent (35.13%). On the contrary, it was found that irrigation with 100% of ET crop with 24 kg•ha -2 P, gave the highest percent of nerol, α-terpineol, anethole and α-pinene, and the lowest percent of linalool, camphor and carvacrol. Also as clearly shown in Table 5 , irrigation at 50% of the crop water needs with 12 kg•ha -2 P, gave the lowest percent of limonene, γ-terpinene, borneol, and geranial and the highest percent of α-terpinene, P-cymene and geraniol.
Irrigation of coriander plants at 50% of ET crop led to increased concentration of linalool and borneol, while irrigation at 100% of ET crop contributed to higher percentages of α-terpineol, anethol and nerol. Maximum concentrations of limonene and γ-terpinene and less concentration of α-pinen were found when irrigation was applied at 75% of coriander water needs. W= water regimes, P= Superphosphate application rates, W x P = Interaction. *, **, ***denote significance at P≤0.05, P≤0.01, P≤0.001 respectively and NS denotes non significance at P≤0.05.
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Figures Fig. 1 . Effect of the interacting between water deficit and superphosphate fertilizer treatments on Water Use Efficiency (WUE) of coriander seed yield (g•m -3 ) in the two growing seasons. Fig. 2 . Effect of the interacting between water deficit and superphosphate fertilizer treatments on Water Use Efficiency (WUE) of coriander oil yield (mL•m -3 ) in the two growing seasons.
